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IURP WKLV SURJUHVV LV K\GUDXOLFV DQG ZDWHU V\VWHP DQDO\VLV HVSHFLDOO\ QXPHULFDO PRGHOOLQJ RI IOXLG IORZ DQG
RSWLPL]DWLRQRIWKHGHVLJQDQGSHUIRUPDQFHRIZDWHUV\VWHPV,QWKLVSDSHUWKHIRFXVLVRQWKHRSWLPL]DWLRQRIZDWHU
GLVWULEXWLRQQHWZRUNV\VWHPVVSHFLILFDOO\WKHORQJFRPSXWDWLRQWLPHQHHGHGDQGWKHSRVVLELOLW\WRUHGXFHLW
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RUXVHRIPRUH HIILFLHQW K\GUDXOLFPHWKRG)LUVW WZRPRVWO\KDUGZDUHGULYHQ DSSURDFKHV KDYHEHHQ VXFFHVVIXOO\
DGGUHVVHGE\PDQ\GLIIHUHQWDXWKRUVFRPSXWHUDQGFRPPXQLFDWLRQVFLHQWLVWV>@,QWKLVSDSHUWKLUGOLVWHGDSSURDFK
LVEHLQJLQYHVWLJDWHGDQGWKHUHVXOWVRIILUVWWHVWVDUHSUHVHQWHG7KHLGHDZDVWRSURPRWHWKHLQWHOOLJHQWK\GUDXOLFDOO\
EDVHGVROXWLRQVFRPSDUHGWREUXWHIRUFHRQH
:KHQSUHVVXUL]HGZDWHUVXSSO\QHWZRUNLVWREHRSWLPL]HGLQPRVWFDVHVWKH(3$1(7LVXVHG(3$1(7LVUHOLDEOH
IUHH VRIWZDUH SDFNDJH DYDLODEOH DV VWDQGDORQH (;( RU '// YHUVLRQ ZKLFK FDQ EH HDVLO\ LQWHJUDWHG ZLWK PRVW
RSWLPL]DWLRQSURJUDPV7KHVRIWZDUH LVXVLQJD VRFDOOHGK\EULGQRGHORRSDOJRULWKPRULJLQDWLQJ IURP7RGLQLDQG
3LODWL>@IRUVROYLQJWKHFRQWLQXLW\HTXDWLRQ$FWXDOO\WKHEDVLVRIWKLVPHWKRGRULJLQDWHVIURP+DUG\&URVVDQGWKH
PHWKRGKHRULJLQDOO\FDOOHGDPHWKRGRIEDODQFLQJIORZV>@
+DUG\&URVVKDVDOVRLQWURGXFHGWKHǻ4PHWKRGIRUK\GUDXOLFFDOFXODWLRQRIQHWZRUN>@,WZDVGHULYHGIURPKLV
RULJLQDOPRPHQWGLVWULEXWLRQPHWKRGZKLFKKHXVHGIRUVWUXFWXUDODQDO\VLVSXUSRVH,WKDVEHHQLQDFRPPRQXVHLQ
¶VDQG¶VXQWLOFRPSXWHUVDUULYHGDQGQRGHPHWKRGWRRNRYHUWKHWKURQH0RVWVLJQLILFDQWGLIIHUHQFHLVWKDWLQWKH
QRGHEDVHGPHWKRGQXPEHURIQRQOLQHDUHTXDWLRQVLVHTXDOWRQXPEHURIXQNQRZQQRGDOKHDGVSOXVXQNQRZQSLSH
IORZVZKLOHLQǻ4PHWKRGLWLVHTXDOWRWKHQXPEHURIORRSVLQWKHQHWZRUNZKLFKLVXVXDOO\DPXFKVPDOOHU
,QWKLVSDSHUZHH[SORUHWKHSRVVLELOLWLHVWRXVHWKHǻ4PHWKRGLQK\GUDXOLFFDOFXODWLRQRIQHWZRUNLQVLGHHYDOXDWLRQ
IXQFWLRQRIRSWLPL]DWLRQDOJRULWKP0HWKRGLVILUVWO\XVHGLQDVWDQGDUGIRUPDWZKHUHZHVLPSO\HPSOR\HGLWDVD
K\GUDXOLFVROYHU$IWHUWKDWZHWULHGWKHPRGLILHGYHUVLRQQDPHG³9DULDEOHǻ4PHWKRG´ZKHUHYDOXHVRIWKHIORZ
FRUUHFWLRQVDUHQRWGLUHFWO\FRPSXWHGLQHYDOXDWLRQIXQFWLRQEXWXVHGDVDGGLWLRQDOVHWRIXQNQRZQVLQRSWLPL]DWLRQ
SURFHVV 3DSHUZLOO SUHVHQW UHVXOWV DQG REWDLQHG RSWLPL]DWLRQ DFFHOHUDWLRQV IRU ERWK RSWLRQV$OWKRXJK QXPEHU RI
YDULDEOHVXVHGIRURSWLPL]DWLRQLVODUJHULQWKH9DULDEOHǻ4PHWKRGREWDLQHGUHVXOWVDUHHQFRXUDJLQJVLQFHDFFHOHUDWLRQ
LVXSWRWZRRUGHUVRIPDJQLWXGH7RWHVWWKHǻ4PHWKRGVDZHOONQRZQSUREOHPRIWKH1HZ<RUN&LW\GLVWULEXWLRQ
QHWZRUN UHFRQVWUXFWLRQ ZDV XVHG 5HVXOWV DQG QHHGHG FRPSXWDWLRQ WLPH ZHUH FRPSDUHG WR RQHV REWDLQHG XVLQJ
(3$1(7 DV K\GUDXOLF VROYHU LQVLGH WKH HYDOXDWLRQ IXQFWLRQ 8VHG RSWLPL]DWLRQ PHWKRG ZDV VWDQGDUG JHQHWLF
DOJRULWKPHIILFLHQWLQKDQGOLQJDVLQJOHREMHFWLYHRSWLPL]DWLRQSUREOHP>@
0HWKRGRORJ\RIǻ4PHWKRGLPSOHPHQWDWLRQ
,WZDVDOUHDG\PHQWLRQHGWKDWǻ4PHWKRGUHTXLUHVVROYLQJOHVVHTXDWLRQVWKDQXVXDOQRGHORRSPHWKRGV7KLVLPSOLHV
DOUHDG\DPRGHVWUHGXFWLRQRIFRPSXWDWLRQWLPHLILWLVSUHVXPHGWKDWDVLPLODUDPRXQWRIUHVRXUFHVLVQHHGHGIRUERWK
W\SHVRIHTXDWLRQV$QRWKHUELJGLIIHUHQFHLQXVDJHRIWKHVHWZRGLIIHUHQWPHWKRGVLVWKDWKHUHLQWKHSUHSURFHVVLQJ
VWDJHRIDQRSWLPL]DWLRQDOJRULWKPVDQDO\VLVRIQHWZRUNJUDSKWRSRORJ\KDVWREHSHUIRUPHG7KLVLVGXHWRWKHQDWXUH
RIWKHK\GUDXOLFVROYHUZKHUHLWLVILUVWO\QHFHVVDU\WRGHWHFWDOOVLPSOHF\FOHVRUPLQLPDOEDVLVORRSVLQWKHQHWZRUN
LQZKLFKIORZFRUUHFWLRQVQHHGWREHFDOFXODWHG)ORZFRUUHFWLRQVDUHLQWURGXFHGLQWKHSODFHZKHUHRULJLQDO ORRSV
ZHUHVSOLW:KHQHYHU\ORRSLVVSOLWQHWZRUNVWUXFWXUHLVFKDQJHG,QVWHDGRIORRSHGJUDSKWUHHVWUXFWXUHGJUDSKLV
REWDLQHG7UHHVWUXFWXUHGRUEUDQFKQHWZRUNVDUHTXLWHHDV\ WRKDQGOH LQZDWHUGLVWULEXWLRQDQDO\VLVDQGXQNQRZQ
IORZVDQGQRGDOKHDGVFDQEHREWDLQHGLQGRXEOHVZHHS,QSUHSURFHVVLQJVWDJHDIWHUWKHEUDQFKQHWZRUNLVGHULYHG
XQNQRZQIORZVDUHFDOFXODWHGIRUWKLVQHZQHWZRUN7KHVHIORZVVDWLVI\FRQWLQXLW\HTXDWLRQLQWKHQHWZRUNQRGHV
ZKLFKPHDQVWKDWWKH\FDQEHXVHGDVVWDUWLQJDVVXPSWLRQRIIORZIRUWKHǻ4PHWKRG7KLVLVRQO\GRQHRQFHLQSUH
SURFHVVLQJVWDJHVRODWWHUFDOOVRIHYDOXDWLRQIXQFWLRQZLOOMXVWLQFOXGHLWHUDWLYHVROXWLRQIRUWKHIORZFRUUHFWLRQV
6LQFHLWLVREYLRXVWKDWLPSOHPHQWDWLRQRIǻ4PHWKRGUHTXLUHVFKDQJHIURPORRSWREUDQFKVWUXFWXUHGQHWZRUNV
DQRWKHU YDULDWLRQRI RSWLPL]DWLRQ DOJRULWKPFDQEHGHULYHG LQRUGHU WR LPSURYH FRPSXWDWLRQ WLPH)URPSUHYLRXV
H[SHULHQFHLWZDVFRQFOXGHGWKDWWKHFRQYHUJHQFHWRDQRSWLPDOVROXWLRQLQEUDQFKQHWZRUNVLVPXFKEHWWHUWKDQLQ
ORRSRQHVHYHQLIQHZQHWZRUNVDUHPDGHRIVHYHUDOKXQGUHGVRISLSHVZLWKXQNQRZQGLDPHWHUV7KHWHVWVZHUHPDGH
ZLWKWKHYHUVLRQRIWKHRSWLPL]DWLRQDOJRULWKPLQZKLFKYDOXHVRIIORZFRUUHFWLRQVZHUHNHSWIL[HGHTXDOWRWKHLQLWLDO
YDOXHVREWDLQHGLQSUHSURFHVVLQJVWDJH>@5HVXOWVZHUHVDWLVI\LQJLQWKHWHUPVRIWKHSHUIRUPDQFHDFFHOHUDWLRQEXW
WKHUHZDV WKHPDMRUDSSOLFDELOLW\ LVVXH LQ WKHPRUHFRPSOH[DQGQHZQHWZRUNV ,QFRPSOH[QHWZRUNVZLWK ODUJH
QXPEHURIORRSVVWDUWLQJDVVXPSWLRQVIRUIORZFRUUHFWLRQVFDQKDYHDVLJQLILFDQWGLIIHUHQFHIURPWKHLUILQDOFRUUHFW
YDOXHV $OVR IRU WKH QHZ QHWZRUNV VWDUWLQJ DVVXPSWLRQV IRU IORZ FRUUHFWLRQV FDQQRW EH FDOFXODWHG LQ WKH SUH
SURFHVVLQJVWDJHZKLFKUHQGHUVWKLVDSSURDFKLQDSSOLFDEOH,QRUGHUWRRYHUFRPHWKHVHVKRUWFRPLQJVDQRWKHUDSSURDFK
ZDVWHVWHGDQGLVSUHVHQWHGLQWKLVSDSHU,QLWLDOYDOXHVRIIORZFRUUHFWLRQVDVFDOFXODWHGGXULQJSUHSURFHVVLQJVWDJH
ZHUHDVVXPHGWREHQHZXQNQRZQYDULDEOHVVXEMHFWWRRSWLPL]DWLRQWRJHWKHUZLWKRWKHUXQNQRZQVIRUH[DPSOHSLSH
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GLDPHWHUVRUSLSHURXJKQHVV,QHDFKHYDOXDWLRQIXQFWLRQFDOOQRWLPHFRQVXPLQJK\GUDXOLFFRPSXWDWLRQKDVWREH
GRQH2QO\VLPSOHSUHVVXUHGLVWULEXWLRQKDVWREHFDOFXODWHG$OVRRQHPRUHSHQDOW\IXQFWLRQKDVWREHDGGHGLQILWQHVV
IXQFWLRQ FDOFXODWLRQ ZKLFK ZLOO JXLGH WKH RSWLPL]DWLRQ RI IORZ FRUUHFWLRQV 7KLV YHUVLRQ LV QDPHG9DULDEOHǻ4
PHWKRG
,QWKHQH[WVXEVHFWLRQVEDVLFVRIWKHǻ4PHWKRGDQGPLQLPDOORRSGHWHFWLRQDOJRULWKPDUHUHFDSLWXODWHGIROORZHG
E\DEULHIGHVFULSWLRQRIWKHXVHGRSWLPL]DWLRQDOJRULWKPDQGWHVWFDVH$WWKHHQGRIWKLVVHFWLRQWKHGHVFULSWLRQRI
WKHERWK6WDQGDUGDQG9DULDEOHǻ4PHWKRGLPSOHPHQWDWLRQVLQRSWLPL]DWLRQDOJRULWKPDUHJLYHQ
ǻ4PHWKRG
7KHǻ4PHWKRGZDVRULJLQDOO\SUHVHQWHGE\+DUG\&URVVLQ,WZDVSURSRVHGDVRQHRIWKHWZRSRVVLEOHPHWKRGV
IRUDQDO\VLVRIIORZLQQHWZRUNVRIFRQGXLWV,QKLVRULJLQDOZRUNWKLVPHWKRGLVFDOOHG³0HWKRGRIEDODQFLQJKHDGV´
>@0HWKRGLVEDVHGRQWKHIDFWWKDWLQHYHU\FORVHGORRSFLUFXLWRIWKHZDWHUVXSSO\QHWZRUNVXPRIWRWDOKHDGORRV
LVHTXDOWR]HUR7KLVLVGHULYHGIURPWKHFRQVHUYDWLRQRIHQHUJ\HTXDWLRQIRUWKHFORVHGORRS
,QRUGHUWRDSSO\WKLVPHWKRGLQLWLDOGLVWULEXWLRQRIIORZVQHHGVWREHDVVXPHG7KLVGLVWULEXWLRQOLNHO\ZRQ¶WVDWLVI\
WKHSUHYLRXVO\PHQWLRQHGFRQGLWLRQIRUWKHKHDGORVVHVLQWKHORRS)LJD


)LJD+HDGORVVVXPLQORRSE,QWURGXFWLRQRIIORZFRUUHFWLRQV
7KLVLPSOLHVWKDWFRUUHFWLRQVWRWKDWGLVWULEXWLRQPXVWEHPDGH7RGHILQHWKHLQLWLDOGLVWULEXWLRQRIIORZVDQGPDNH
FRUUHFWLRQVWRWKHGLVWULEXWLRQORRSQHHGVWREHEURNHQDWVRPHSRLQW)LJE1RZZHKDYHEUDQFKHGQHWZRUNDQG
ZLWK RQH SDVV EDFNZDUGV WKURXJK WKDW QHWZRUN VDWLVI\LQJ FRQWLQXLW\ HTXDWLRQ LQ HYHU\ QRGH WKH LQLWLDO IORZ
GLVWULEXWLRQLVREWDLQHG,QWKLVUHVHDUFKJUDSKWKHRU\DOJRULWKPVDUHXVHGWRREWDLQWKHLQLWLDOIORZGLVWULEXWLRQ*UDSK
%UHDGWK)LUVW6HDUFK%)6DOJRULWKPVWDUWHGIURPWKHVRXUFHQRGHLQWKHQHWZRUNUHVXOWVLQWKHVSDQQLQJWUHHZKLFK
LVHVVHQWLDOO\DEUDQFKHGQHWZRUN2UGHULQZKLFKVSDQQLQJWUHHLVIRUPHGLVREWDLQHGDVZHOOVRWKLVFDQEHXVHGWR
SHUIRUPWKHSDVVLQJEDFNZDUGVLQRUGHUWRGHWHUPLQHLQLWLDOIORZGLVWULEXWLRQ
$WWKHVDPHEUHDNSRLQWIORZFRUUHFWLRQ¨4LVLQWURGXFHG([SDQGHGIRUPRIWKHVXPRIKHDGORVVHVHTXDWLRQIRU
WKHORRSQRZLV
                        R R R R R R5 4 4 4 4 5 4 4 4 4 5 4 4 4 4 ' '  ' '  ' '   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ZKHUH5 LV WKHSLSH IORZ UHVLVWDQFHFKDUDFWHULVWLF >VP@ DQG4R LV WKH LQLWLDOSLSH IORZ >P V@7KLVQRQOLQHDU
HTXDWLRQQHHGVWREHVROYHGIRUWKHIORZFRUUHFWLRQ¨4)RUWKLVSXUSRVHZHHPSOR\1HZWRQ5DSKVRQLWHUDWLYHPHWKRG
DQGREWDLQJHQHUDOIRUPRIWKHVROXWLRQ
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ZKHUHLLVWKHLWHUDWLRQQXPEHULMLVWKHLMWKSLSHLQWKHORRSDQG¨4SLVWKHSWKIORZFRUUHFWLRQWKDWFRUUHFWVLQLWLDO
IORZLQWKHSLSHLMWKHUHFDQEHPRUHWKDQRQHLISLSHLVFRPPRQIRUWZRORRSV6LJQHTXDOVRQHLIGLUHFWLRQRI
WKH LQWURGXFHG FRUUHFWLRQ¨4S LV WKH VDPH DV WKH GLUHFWLRQ RI WKH LQLWLDO IORZ DQG ]HUR  LI RWKHUZLVH ,WHUDWLYH
FDOFXODWLRQLVGRQHXQWLOGHVLUHGSUHFLVLRQLVUHDFKHG
1XPEHURIHTXDWLRQVWKDWQHHGWREHVROYHGFRUUHVSRQGVWRWKHQXPEHURIORRSVLQWKHQHWZRUN/RRSVDUHREWDLQHG
DVDUHVXOWRIJUDSKWKHRU\DOJRULWKPV$VLGHIURP³RUGLQDU\ORRSV´´WHUP³SVHXGRORRS´LVLQWURGXFHG>@7KLVLV
ORRSWKDWLVIRUPHGEHWZHHQWZRUHVHUYRLUVWDQNVZLWKGHILQHGKHDGV1XPEHURIVXFKORRSVLVIRURQHOHVVWKDQWKH
QXPEHURIUHVHUYRLUVLQWKHQHWZRUN,QWKDWFDVHRQHDGGLWLRQWRWKHHTXDWLRQDERYHKDVWREHPDGH2QWKHULJKWVLGH
RIWKHHTXDWLRQLQWKHQXPHUDWRURIWKHIUDFWLRQWHUP UHV+' QHHGVWREHDGGHGZKHUH UHV+' LVWKHGLIIHUHQFHRI
KHDGVLQWKHUHVHUYRLUV
0LQLPDOEDVLVORRSVGHWHFWLRQ
3ULRUWRFRQGXFWLQJFDOFXODWLRQVXVLQJWKH¨4PHWKRGQHWZRUNORRSVQHHGWREHGHWHFWHG7KLVLVGRQHEDVHGRQWKH
UHVXOWVRIWKH%)6DOJRULWKPPHQWLRQHGEHIRUH1XPEHURIORRSVFRUUHVSRQGVWRWKHQXPEHURIXQXVHGOLQNVGXULQJ
%)6SURSDJDWLRQ

D E F

)LJ'LIIHUHQWFRQILJXUDWLRQVRI6SDQQLQJ7UHH67
7KHVHOLQNVPDUNHGZLWKGDVKHGOLQHFRPSOHWHWZRORRSV±DQG,WLVREYLRXVWKDWODWWHURQHLV
QRWDPLQLPDOEDVLVORRSEXWLVDXQLRQRIWKHORRSVDQG)LJD8VLQJWKLVPLQLPDOEDVLVORRSV
FRQILJXUDWLRQIRUWKHGHOWD4PHWKRGPHDQVREWDLQLQJWKHVLPSOHVWIRUPRIQRQOLQHDUHTXDWLRQVWREHVROYHGZKLFK
ZRXOGVSHHGXSWKHFDOFXODWLRQ+RZHYHUGHWHFWLQJWKHPLVQRWDQHDV\WDVN6RPHDOJRULWKPVDUHEDVHGRQXVLQJ
RXWHURU³EDFNHGJHV´RIWKHQHWZRUN>@EXWWKHVHKDYHWREHSUHGHILQHG,QWKHFDVHRIWKRXVDQGVRISLSHVWKLVZRXOG
EH YHU\ GHPDQGLQJ MRE VR LQ WKHVH UHVHDUFK DQRWKHU DSSURDFK LV SURSRVHG $OJRULWKP VWHSV DUH DV IROORZV 
SURSDJDWLRQZLWK%)6DOJRULWKPWRREWDLQVSDQQLQJWUHH67WUDQVIRUPDWLRQRI67WRREWDLQRSWLPDOORRSVZLWK
PLQLPDOQXPEHURIOLQNVILQDOGHFRPSRVLWLRQRIRYHUODSSLQJORRSVLIQHHGHGDIWHUVWHS
7UDQVIRUPDWLRQRI67ZLOOEHH[SODLQHGRQWKHVLPSOHH[DPSOH)LJD7RWDOQXPEHURIOLQNVLQORRSVIRUWKLV
FRQILJXUDWLRQLV ,QRUGHUWRJHWEHWWHUFRQILJXUDWLRQXQXVHGOLQNVZLOOEHVZDSSHGZLWKWKHXVHGRQHV,IOLQN
Y LV VZDSSHGZLWK OLQN Y QHZ FRQILJXUDWLRQ RI 67 JLYHV WKH WRWDO QXPEHU RI OLQNV LQ ORRSV   (UURUH
/
RULJLQHULIHULPHQWRQRQqVWDWDWURYDWDE7KLVLVEHWWHUWKDQWKHSUHYLRXVRQHDQGLW¶VPDUNHGDVWKHQHZEHVW
FRQILJXUDWLRQ3URFHGXUHLVGRQHXQWLOEHWWHUFRQILJXUDWLRQFDQ¶WEHUHDFKHG)RUWKHFRQVLGHUHGVLPSOHH[DPSOHEHVW
FRQILJXUDWLRQDQGZLWKWKDWPLQLPDOEDVLVORRSVLVREWDLQHGZLWKRQO\RQH67WUDQVIRUPDWLRQ,WFRXOGWDNHPRUHWKDQ
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RQHEXWLWGRHVQ¶WPHDQWKDWPLQLPDOEDVLVORRSVZLOOEHREWDLQHGHYHQWXDOO\(UURUH/
RULJLQHULIHULPHQWRQRQq
VWDWDWURYDWDF
7KLVUHTXLUHVVWHSRIWKHDOJRULWKP±ILQDOGHFRPSRVLWLRQ'HFRPSRVLWLRQLVEDVHGRQVRUWLQJWKHORRSVE\WKHLU
OHQJWKQXPEHURIOLQNVDQGFUHDWLRQRIRYHUODSSLQJPDWUL[ZKLFKVKRZVQXPEHURIRYHUODSSLQJEHWZHHQDQ\WZR
ORRSV'HFRPSRVLWLRQ VWDUWV IURP WKH ORRSVZLWK KLJKHVW QXPEHURI RYHUODSSLQJ OLQNV ,I WKLV QXPEHU HTXDOV RQH
GHFRPSRVLWLRQLVQRWQHHGHG
2SWLPL]DWLRQDOJRULWKPDQGH[DPSOHSUREOHP
*$VDUHHPSOR\HGDVDQRSWLPL]DWLRQPHWKRGZKLFKDUHHIILFLHQWLQWHUPVRIUXQQLQJWLPHDQGILQGLQJVXERSWLPDO
VROXWLRQV>@*$VDUHFDOOHGLQVLGHDQRSWLPL]DWLRQDOJRULWKPDIWHUSUHSURFHVVLQJVWDJHZLWKWKHWDVNWRJHQHUDWH
FRGHGVROXWLRQVZKLFKDUHWREHWHVWHGLQVLGHDQHYDOXDWLRQIXQFWLRQ)RUHYHU\VROXWLRQH[DPLQHGQHZYDOXHRIILWQHVV
IXQFWLRQLVFRPSXWHG%DVHGRQWKLVYDOXHH[DPLQHGVROXWLRQVDUHUDQNHGZKHUHWKHVROXWLRQZLWKWKHORZHVWYDOXH
RIILWQHVVIXQFWLRQLVUDQNHGDVVXERSWLPDO
7HVWLQJH[DPSOHZDVH[WUDFWHGIURPOLWHUDWXUH>@ZHOONQRZQSUREOHPRI1HZ<RUN
VZDWHUGLVWULEXWLRQQHWZRUN
UHFRQVWUXFWLRQ6WDUWLQJQHWZRUNIRURSWLPLVDWLRQLVSUHVHQWHGLQ)LJD

)LJD6WDUWLQJ1HZ<RUN
VZDWHUGLVWULEXWLRQQHWZRUNE0RGLILHGILFWLWLRXVEUDQFKQHWZRUN
,WLVDQH[DPSOHRIJUDYLWDWLRQDOZDWHUGLVWULEXWLRQQHWZRUNPDGHRXWRIQQ QRGHVZLWKQU VRXUFHQRGHRU
UHVHUYRLU1RGHVDQGUHVHUYRLUDUHLQWHUFRQQHFWHGZLWKQS ODUJHSLSHV&XUUHQWGLVSRVLWLRQRIWKHV\VWHPFDQQRW
VDWLVI\WKHPLQLPDOQRGDOSUHVVXUHYDOXHVRIPHWHUVRIZDWHUFROXPQ7KHUHIRUHLWLVQHFHVVDU\WRUHFRQVWUXFWWKH
QHWZRUNLQRUGHUWRPHHWWKHJLYHQFRQGLWLRQLQQRGHV&KDQJLQJWKHGLDPHWHUVRIH[LVWLQJSLSHVLVQRWSRVVLEOHGXHWR
WKHSUREOHPRIH[FHVVLYHZDWHUGHPDQGVKRUWIDOOVRWKHUHPDLQLQJRSWLRQVDUHWRDHLWKHUGXSOLFDWHWKHH[LVWLQJWXQQHO
ZLWKVRPHRIWKHGLDPHWHUVRIIHUHGRUEGRQRWKLQJ1XPEHURIGLDPHWHUVLQFDWDORJXHIRUQHZSLSHVLV7RJHWKHU
ZLWKWKH³GRQRWKLQJ´RSWLRQWKLVPDNHVSRVVLEOHVROXWLRQVIRUHYHU\SLSHLQWKHQHWZRUN)LWQHVVIXQFWLRQIIRUWKLV
H[DPSOHLVPDGHRIWZRSDUWVILUVWRQHLVLQYHVWPHQWLQWKHZDWHUQHWZRUN,HTDQGWKHVHFRQGLVWKHSHQDOW\,S
IRUIDLOLQJWRPHHWWKHPLQLPDOQRGDOSUHVVXUHYDOXHVSPLQ P+2 

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,QWKHHTXDWLRQDERYH&N'NDQG/NDUHFRVWRIWKHQHZSLSHSHUPHWHUGLDPHWHUDQGOHQJWKRIWKHSLSHUHVSHFWLYHO\
MLVWKHQXPEHURIDQRGHSMLVWKHSUHVVXUHYDOXHLQWKHQRGHMZKLOH2LVWKHIXQFWLRQZKRVHYDOXHLVDERYH]HURLIWKH
SMSPLQ6SHFLILFYDOXHRISHQDOW\IXQFWLRQLV&S P
6WDQGDUGǻ4PHWKRGLQVLGHDQRSWLPL]DWLRQDOJRULWKP
6WDQGDUGǻ4PHWKRGVHFWLRQLVLPSOHPHQWHGDVK\GUDXOLFVROYHULQVLGHWKHRSWLPL]DWLRQDOJRULWKP(TXDWLRQ
LVVROYHGXVLQJLWHUDWLRQ3UHSURFHVVLQJVWDJHDQGHYDOXDWLRQIXQFWLRQFDOFXODWLRQLQFOXGHV
x 3UHSURFHVVLQJVWDJHSUHFHGHGE\DFDOORI*$
 7RSRORJLFDOJUDSKVRUWLQJRIQHWZRUN)LJDUHVXOWLQJZLWKGLUHFWHGJUDSKV
 0LQLPDOEDVLVORRSGHWHFWLRQDQGILFWLWLRXVEUDQFKQHWZRUNFUHDWLRQ)LJE
 +\GUDXOLFFDOFXODWLRQRIWKHEUDQFKQHWZRUN7KHUHVXOWLQJǻ4DQGǻ4DUHVWRUHGDVVWDUWLQJYDOXHVIRUIORZ
FRUUHFWLRQVǻ4DQGǻ4LQIXUWKHU*$FDOOV,WLVSUHVXPHGWKDWǻ4DQGǻ4FDOFXODWHGWKLVZD\ZLOOQRWGLIIHU
PXFKIURPWKHLUILQDOYDOXHVZKLFKZLOOEHFDOFXODWHGIRUHYHU\FDOORIWKHHYDOXDWLRQIXQFWLRQWKXVWKLVVKRXOG
VSHHGXSWKHFRQYHUJHQFHRIHT
x (YDOXDWLRQIXQFWLRQFDOFXODWLRQ
 )RUHYHU\WHVWHGDOWHUQDWLYHH[DFWYDOXHVRIIORZFRUUHFWLRQVǻ4DUHFDOFXODWHGXVLQJWKHHT
 8VLQJFDOFXODWHGIORZFRUUHFWLRQVWKHSUHVVXUHGLVWULEXWLRQIRUWKHILFWLWLRXVEUDQFKQHWZRUNLVFDOFXODWHGLQRQO\
RQHSDVV
 )LWQHVVIXQFWLRQHTLVFDOFXODWHG
9DULDEOHǻ4PHWKRGLQVLGHDQRSWLPL]DWLRQDOJRULWKP
,QVWDQGDUGǻ4PHWKRGVHFWLRQHDFKHYDOXDWLRQIXQFWLRQ
VFDOFXODWLRQLQYROYHVWKHLWHUDWLYHFDOFXODWLRQRIH[DFW
IORZFRUUHFWLRQV,QYDULDEOHǻ4PHWKRGLWLVDVVXPHGWKDWIORZFRUUHFWLRQVDUHXQNQRZQYDULDEOHVZKRVHYDOXHVDUH
WRJHWKHUZLWKSLSH
VGLDPHWHUVYDOXHVRSWLPL]HG7KHSUHSURFHVVLQJVWDJHDQGHYDOXDWLRQIXQFWLRQQRZLQFOXGHV
x 3UHSURFHVVLQJVWDJHVDPHDVLQVWDQGDUGǻ4PHWKRGDOORIWKHQHFHVVDU\DQDO\VHVDUHGRQHDQGIORZFRUUHFWLRQV
ǻ4DQGǻ4IRUILFWLWLRXVEUDQFKQHWZRUN
x (YDOXDWLRQIXQFWLRQFDOFXODWLRQ
 )RUHYHU\WHVWHGDOWHUQDWLYHKDYLQJSLSH
VGLDPHWHUVDQGIORZFRUUHFWLRQVDVYDULDEOHVWRRSWLPL]HRQO\SUHVVXUH
GLVWULEXWLRQIRUWKHILFWLWLRXVEUDQFKQHWZRUNLVFDOFXODWHGLQRQHSDVV
 )LWQHVVIXQFWLRQHTLVFDOFXODWHG
 $GGLWLRQDOSHQDOW\IXQFWLRQLVDGGHGWRWKHYDOXHRIWKHILWQHVVIXQFWLRQWRFRPSHQVDWHWKHIDFWWKDWXVHGIORZ
FRUUHFWLRQVDUHQRWH[DFW,ISUHVVXUHGURSEHWZHHQQHLJKERXULQJQRGHVZKHUHWKHORRSLVVSOLWOLNHDQG¶
LVSRVLWLYHLQWKHGLUHFWLRQRIZDWHUIORZWKHYDOXHRISHQDOW\IXQFWLRQLV]HUR7KLVVROXWLRQLVIHDVLEOHPHDQLQJ
WKDWWKHSUHVVXUHUHGXFLQJYDOYHVKRXOGEHLQVWDOOHGLQWKHSODFHZKHUHWKHSUHVVXUHGURSVRFFXUV+RZHYHULI
SUHVVXUHGURSEHWZHHQQHLJKERXULQJQRGHVZKHUHWKHORRSLVVSOLWLVQHJDWLYHWKHVROXWLRQZRXOGUHTXLUHDSXPS
EHWZHHQWKHVHQRGHVDQGLWKDVWREHSHQDOL]HG7KHVDPHSHQDOW\YDOXHDVIRUSUHVVXUHGHILFLHQF\LVXVHG
7RUHGXFHWKHVHDUFKVSDFHIRUIORZFRUUHFWLRQVWKHYDOXHLVHQWHUHGDVPXOWLSOLFDWLRQRIIORZFRUUHFWLRQVǻ4DQG
ǻ4FRPSXWHGLQSUHSURFHVVLQJVWDJHDV0ǻ4DQG0ǻ4,QSUHYLRXVWHVWVLWZDVFRQILUPHGWKDWWKHFRUUHFW
YDOXHVRIǻ4DQGǻ4GHYLDWHQRWPRUHWKDQIURPWKHILUVWLWHUDWLRQ>@VRPXOWLSOLFDWLYHIDFWRUV0DQG0FDQ
WDNHDYDOXHLQUHODWLYHO\QDUURZVSDFHIURPWR+RZHYHUWKHXVHGVHDUFKVSDFHLVSUREOHPGHSHQGDQWDQG
VKRXOGEHWDNHQZLWKWKHFDUH
6LQFHWKHYDULDEOHǻ4PHWKRGGRHVQRWVROYHWKHH[DFWIORZVLWWHQGVWREHWKHIDVWHVWPHWKRGEXWWKHDFFXUDF\
RIWKHK\GUDXOLFUHVXOWVLVGHJUDGHGFRPSDUHGWRWKHVWDQGDUGPHWKRG
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5HVXOWV
%RWKSUHVHQWHGDSSURDFKHVVKDUHWKHVDPHPRGLILHGILFWLWLRXVEUDQFKQHWZRUN)LJE7KHUHDUHWZRORRSVLQWKH
QHWZRUNODUJHUORRSFRQWDLQVUHVHUYRLUDORQJZLWKWKHQRGHVQXPEHUHGIURPWRZKLOHWKHORRSKDVQRGHV
DQG/RFDWLRQRIWKHVSOLWLVDUELWUDU\DQGLQFRQVHTXHQWLDO/RRSZDVVSOLWLQWKHSUR[LPLW\RIWKHQRGH
ZKHUHDQHZQRGH¶LVLQWURGXFHGDVDVWDUWQRGHIRUWKHGRZQVWUHDPSLSH/RRSZDVVSOLWFORVHWRQRGHZLWK
WKHQHZQRGH¶EHLQJJHQHUDWHG)ORZFRUUHFWLRQVIRUORRSVDQGǻ4DQGǻ4UHVSHFWLYHO\DUHLQWURGXFHGDV
GHPDQGVLQWKHQRGHVDQGDQGLQWKHQRGHV¶DQG¶DVQHJDWLYHGHPDQGVRULQIORZV
7DEOH2EWDLQHGRSWLPDOVROXWLRQV
3LSHLG 6WDUWQRGH (QGQRGH ([LVWLQJ'LDPHWHU 1HZ'LDPHWHU6WDQGDUGǻ4 1HZ'LDPHWHU9DULDEOHǻ4
>@ >@ >@ 'ROG>P@ 'QHZ6Wǻ4>P@ 'QHZ9DUǻ4>P@
     
     
     
     
     
  
   
     

&DOFXODWHGRSWLPDOGLDPHWHUVDUHSUHVHQWHGLQWKHWDEOHIRUERWKPHWKRGVODVWWZRFROXPQV3LSHVQRWDIIHFWHG
E\ WKH SUHVHQWHG VROXWLRQV DUH RPLWWHG IURP WKH WDEOH  'LDPHWHU RI  P UHSUHVHQWV WKH ³GR QRWKLQJ´ RSWLRQ
&RPSXWDWLRQWLPHLVREWDLQHGWKURXJK0$7/$%IXQFWLRQFSXWLPH6WDQGDUGǻ4PHWKRGSUHVHQWHGLQVHFWLRQ
QHHGHGWǻ4VW VZKLOHWKH9DULDEOHǻ4PHWKRGSUHVHQWHGLQVHFWLRQQHHGHGRQO\Wǻ4YDU V
'LVFXVVLRQ
5HVXOWVRIWZRSUHVHQWHGǻ4PHWKRGVDUHFRPSDUHGWRUHVXOWVREWDLQHGXVLQJ(3$1(7K\GUDXOLFVROYHURSWLPL]DWLRQ
DOJRULWKPFDOOVWKH(3$1(7'//LQHYHU\SDVVWKURXJKHYDOXDWLRQIXQFWLRQJHWVWKHUHVXOWVRIWKHVLPXODWLRQDQG
XVHVWKHPWRGHULYHWKHYDOXHIRUILWQHVVIXQFWLRQ2EWDLQHGRSWLPDOVROXWLRQXVLQJ(3$1(7LVWKHVDPHDVRQHWDNHQ
IURPWKHOLWHUDWXUHIRSW [>@SURYLQJLWDVDYDOLGUHIHUHQFH6LQFHǻ4PHWKRGDSSURDFKSUHVHQWHGLQWKLV
SDSHUZDVSURJUDPPHGLQ0$7/$%HQYLURQPHQWWRFRPSDUHWKHH[HFXWLRQWLPHVWKHVDPH0$7/$%HQYLURQPHQW
DQGRSWLPL]DWLRQDOJRULWKPZDVXVHGZLWK(3$1(7$OVR WKH*$VHWWLQJVZHUH WKH VDPH IRUHYHU\RSWLPL]DWLRQ
DOJRULWKPWHVWHGZLWKPD[LPXPRIJHQHUDWLRQVDQGSRSXODWLRQRIFRGHGVROXWLRQV&RPSXWHUXVHGZDVDQ
,QWHOL40&38ZLWK*%RI5$0PHPRU\
7DEOH&RPSDULVRQRIGLIIHUHQWRSWLPL]DWLRQDOJRULWKPV
*$RSWLPL]DWLRQ
DOJRULWKP
)ORZFǻ4
>PV@
)ORZFǻ4
>PV@
)LWQHVVIXQFWLRQI
>@
5HODWLYHFKDQJHRII
>@
&38WLPHW
>V@
5HODWLYHFKDQJHRIW
>@
(3$1(7±EDVHG      
6WDQGDUGǻ4EDVHG      
9DULDEOHǻ4EDVHG      

7DEOHJLYHVWKHWZRPDLQFRPSDUHGSDUDPHWHUVTXDOLW\RIWKHREWDLQHGRSWLPDOVROXWLRQVXERSWLPDOYDOXHRIWKH
ILWQHVVIXQFWLRQIDQGWRWDOFRPSXWDWLRQWLPHLQFOXGLQJSUHSURFHVVLQJDQGRSWLPL]DWLRQ,QWHUPVRIWKHFRPSXWDWLRQ
WLPHERWKǻ4PHWKRGVVKRZQDVLJQLILFDQWUHGXFWLRQFRPSDULQJWRWKHFRPSXWDWLRQWLPHWHSD VREWDLQHGZLWK
(3$1(76WDQGDUGǻ4PHWKRG VHFWLRQ QHHGHGRQO\ Wǻ4VW  VZKLFK LV  IDVWHU WKDQ(3$1(7 DQG
9DULDEOHǻ4PHWKRGVHFWLRQZDVHYHQIDVWHUWDNLQJLQDYHUDJHWǻ4YDU VIRUWKHFRPSXWDWLRQZKLFKPHDQW
WKDW WKHDFKLHYHGDFFHOHUDWLRQLVDERXW$FFHOHUDWLRQLQERWKǻ4PHWKRGVLVSULPDULO\GXHWRWKHZD\KRZ
HYDOXDWLRQ IXQFWLRQ LV KDQGOHG7KH SUHSURFHVVLQJ VWDJH FDOOHG MXVW RQFH SHUIRUPV D ODUJH SRUWLRQ RI QHFHVVDU\
DQDO\VLVWKHUHIRUHODWHUFDOOVIRUHYDOXDWLRQIXQFWLRQWDNHPXFKOHVVFRPSXWDWLRQWLPHWKDQLQUHIHUHQFHDOJRULWKP,Q
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IDVWHU9DULDEOHǻ4PHWKRGHYDOXDWLRQIXQFWLRQVROYHVRQO\QHWZRUNSUHVVXUHGLVWULEXWLRQLQDVLQJOHSDVVZKLOHLQ
6WDQGDUGǻ4PHWKRGFRPSXWDWLRQRIFRUUHFWIORZFRUUHFWLRQYDOXHVLVDOVRGRQH
7KHUHIHUHQFH(3$1(7EDVHGDOJRULWKPIRXQGVWKHVDPHRSWLPDOYDOXHRIILWQHVVIXQFWLRQDVJLYHQLQWKHOLWHUDWXUH
7KH6WDQGDUGǻ4PHWKRGDOVRIRXQGVWKHVDPHRSWLPDOYDOXHRIWKHILWQHVVIXQFWLRQ7KLVZDVH[SHFWHGVLQFHWKH
6WDQGDUGǻ4PHWKRGXVHVWKHH[DFWK\GUDXOLFVROXWLRQ+RZHYHUWKH9DULDEOHǻ4PHWKRGKDVIRXQGWKHVXERSWLPDO
VROXWLRQRIILWQHVVIXQFWLRQIǻ4YDU [ZKLFKLVKLJKHUWKDQWKHRSWLPDORQH5HDVRQIRUWKHVXERSWLPDO
VROXWLRQGHJUDGDWLRQLVPRVWO\GXHWRK\GUDXOLFUHVXOW
VLQDFFXUDF\ZKLFKFDQEHVHHQLQ7DEOHZKHUHERWK³H[DFW´
DQG³RSWLPL]HG´YDOXHVRIIORZFRUUHFWLRQVǻ4DUHSUHVHQWHG+DYLQJLQPLQGWKHDFKLHYHGVSHHGDFFHOHUDWLRQWKLV
FDQEHVDWLVI\LQJDQGHQFRXUDJLQJUHVXOW
&RQFOXVLRQV
'XULQJ WKH RSWLPL]DWLRQ RI ZDWHU GLVWULEXWLRQ QHWZRUNV K\GUDXOLF FRPSXWDWLRQ RI QHWZRUN LQVLGH DQ HYDOXDWLRQ
IXQFWLRQFRQVXPHVWKHPRVWRIWKHFRPSXWDWLRQWLPH,QWKLVSDSHUXVHRIWKHǻ4K\GUDXOLFFRPSXWDWLRQPHWKRGLQVLGH
DQRSWLPL]DWLRQDOJRULWKPLVSUHVHQWHGWKURXJKWZRGLIIHUHQWDSSURDFKHV(DFKRIWKHVHDSSURDFKHVUHTXLUHVDSUH
SURFHVVLQJ VWDJH LQZKLFK WKH ORRSV LQRULJLQDOZDWHUQHWZRUNDUHGHWHFWHG WKURXJKPLQLPDOEDVLV ORRSGHWHFWLRQ
DOJRULWKPVSOLWLQWRWKHILFWLWLRXVEUDQFKQHWZRUNDQGLQLWLDOIORZFRUUHFWLRQVFRPSXWHG$IWHUWKDWLQVWDQGDUGǻ4
PHWKRGWKHFRUUHFWYDOXHVRIWKHIORZFRUUHFWLRQVDUHFRPSXWHGLQVLGHHDFKHYDOXDWLRQIXQFWLRQZKLOHLQ9DULDEOHǻ4
PHWKRGWKHYDOXHVRIIORZFRUUHFWLRQVDUHDVPXOWLSOLFDWLYHIDFWRUVRIWKHLULQLWLDOYDOXHDGGHGWRWKHOLVWRIYDULDEOHV
IRU RSWLPL]DWLRQ 3UHVHQWHG RSWLPL]DWLRQ DOJRULWKPVZHUH WHVWHG RQ WKH H[DPSOH RI1HZ<RUNZDWHU GLVWULEXWLRQ
QHWZRUN UHFRQVWUXFWLRQ ,Q ERWK ǻ4 PHWKRGV VLJQLILFDQW FRPSXWDWLRQ WLPH UHGXFWLRQ ZDV DFKLHYHG EHFDXVH ǻ4
PHWKRG VROYHV IHZHU HTXDWLRQV WKDQ (3$1(7
V K\EULG QRGHORRSPHWKRG $OVR LQ WKH 9DULDEOHǻ4 PHWKRG WKH
QHWZRUNK\GUDXOLFVLVVROYHGRQO\RQFHLQWKHSUHSURFHVVLQJVWDJHZKLFKPDNHVLWHYHQIDVWHU+RZHYHURQO\6WDQGDUG
ǻ4PHWKRGPDQDJHGWRFRPSXWHDJOREDORSWLPXP6HFRQGDSSURDFKKDVVOLJKWVROXWLRQ
VGHJUDGDWLRQFDXVHGE\WKH
K\GUDXOLFDFFXUDF\SUREOHP+RZHYHULWFDQVWLOOEHXVHGDVKRWVWDUWIRU6WDQGDUGǻ4PHWKRG
$FNQRZOHGJHPHQWV
7KHDXWKRUVH[SUHVVWKHJUDWLWXGHWRWKH6HUELDQ0LQLVWU\RI(GXFDWLRQDQG6FLHQFHIRUWKHVXSSRUWWKURXJKWKHSURMHFW
755DLQZDWHUGUDLQDJHV\VWHPVDVSDUWRIWKHXUEDQDQGWUDQVSRUWLQIUDVWUXFWXUH´

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